WIND-TUNNEL INVESTIGATION OF AIR III LET 
AND OUTLET OPENINGS EOS AIRCRAFT 
By Erancis M. Rogallo and William E. Gauvain 

, • • • SUMMARY - 

An investigation was made in the N.A.C.A. 5-foot ver- 
tical wind tunnel of a large variety of duct inlets and 
outlets to obtain information relative to their design for 
the cooling or the ventilation systems on aircraft. Most 
of the tests were of openings in a flat plate hut, in or- 
der to determine the best locations and the effects of 
interference, a few tests were made of openings in an air- 
foil.. 

The best inlet location far a system not including a 
blower was found to be at the forward stagnation point; 
for one including a blower, the best location was found to 
be in the region of lowest total head, probably in the 
boundary layer near the trailing edge. 

Design recommendations are given, and it is shown 
that correct design demands a knowledge of the external 
flow and of the internal requirements in addition to that 
obtained from the results of the wind-tunnel tests. 



INTRODUCTION 



Scoops and vents of many types are in general use on 
every airplane for purposes of utilizing air- flow, such 
as: ducted cooling; cabin ventilation; carburetor intake; 
engine exhaust; and battery, gas tank, and float vents. 
Information necessary for the determination of the most 
efficient shapes and locations and for the design of par- 
ticular installations has, however, been lacking. To meet 
this need, the N.A.C.A. undertook an experimental inves- 
tigation of the openings of induced-flow systems. 

In this investigation, <a great number of openings in 
a flat plate and a few in an N.A.C.A. 0018 wing section 
were tested. The test conditions and the models were sys- 
tematically varied so that the results would indicate the 
effects of: wind velocity; size, shape, and location of 
openings; length and angle of ducts; interference between 
an opening and a body, and between inlet and outlet open- 
ings in the same body. 



Theoretical characteristics of inlet and outlet open- 
ings have previously "been determined and are useful as an 
indication of trends and as an aid in the correlation and 
explanation of experimental data. Because of the necessity 
of simplifying assumptions, however, theoretical results 
are often insufficient as design information and must he 
supplemented hy empirical data. In 1936 Hokus and Troller 
(reference 1) published the results of a few tests of open- 
ings in a flat plate. Some of the published drag curves, 
particularly those for the conventional-type scoops with 
and without fairing, do not agree very well with theory or 
with tf.A.C.A. test results. Seasons for the disagreement 
have not been determined. 



APPARATUS 
?ind Tunnel 

All the tests were made in the 5-foot vertical wind 
tunnel of the IT.A.C.A., which is described in reforencp 2. 
As shown in figure 1, a flat panel was placed upright be- 
tween the entrance and the exit cones, projecting about 12 
inches beyond the stream on each side. The front face of 
the panel was vertical 12 inches from the edge of the exit 
cone and was smoothly faired into the entrance cone at the 
top. Ho attempt was made to fair the downstream edge of 
the panel into the exit cone, but the opening behind the 
panel was blocked off to prevent stray air currents from 
affecting the drag readings. 

Static and dynamic-pressure surveys were made in the 
modified jet and the tunnel calibration for all tests was 
based on the results of these surveys. Addition of the 
plane had little effect upon either the static-pressure 
gradient or the velocity gradient, except in the region 
near the plane. The variation of velocity over the mount- 
ing plate out to a distance of more than 12 inches was 
only 1,0 percent of the average velocity, excepting the 
boundary layer, which is separately treated. 

The center line of openings for the wing model was 18 
inches from the plane, a region little affected by the 
plane. The normal vertical static-pressure and velocity 
variations of this small tunnel over a 3-foot length (the 
chord of the wing used) were about 6 percent and 3 percent, 
respectively, of the average values. 
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Induced-Flow System 

In order to represent the condition of flow through 
an opening into or out of a large cbam'ber , such as the in- 
terior of a wing or a fuselage, the set-up comprised a "box 
whose inside dimensions were 16 by 16 by 20 inches and 
whose front face was the floating mounting plate shown in 
figure 1. The duct connecting this "box with the blower 
and the flowmeter was attached to its rear face, as shown 
in figure 2. If the unobstructed jet from this duct had 
boon allowed to impinge upon the front inside face of the 
box during outlet tests, the resulting flow would not have 
represented the desired condition of uniform approach ve- 
locity. A section of 14~mesh screen was therefore placed 
about 2 inches from the rear end of the box and arranged 
in such a -manner that the flow out of the box with the 
front face removed was fairly uniform. During tests, the 
static pressure in the box was measured by a flush tap 
in the center of the top face. 

In order to represent the condition of flow into or 
out of as opening attached to a straight duct with uniform 
cross section of area about equal to that of the opening, 
as, for example, a carburetor scoop or an engine-exha\ist 
system, a short length of duct with a bellnouth entry was 
used. (See figs. 2 and 3.) Ead a continuous duct been 
used, it would have increased the model- installation dif- 
ficulties, especially with ducts at an angle of less than 
90° to the front face. Several flush taps were installed' 
in the duct (see fig. 3) to obtain static-pressure data. 
The circular duct and bellmouth shown in figure 3 were de- 
tachable and were, used in all the tests with circular 
ducts. A. rectangular duct and bellmouth were used in all 
the tests of recess-type inlets and outlets. Use of the 
bellmouth entries prevented entrance conditions from af- 
fecting the flow pattern at the outlet end during tests 
of outlet openings. 

The centrifugal blower (see figs. 2 and 4) was driven 
by a variable- speed direct-current motor and was capable 
of developing a pressure rise of 20 inches of water at a 
flow rate of 500 cubic feet per minute. The case was air- 
tight, shaft clearance being sealed by an oil reservoir 
between two retainers. 

The orifice drum- (figs. 2 and 4) was made of an oil 
drum approximately 23 inches in diameter and 35 inches 
high, and the six sharp-edge orifiees of diameters from 1 



to 4 inches were bored in brass plates 10 inches square and 
l/8- inch thick. The orifices were calibrated over a pres- 
sure range of 0 to 40 pounds per square foot against ori- 
fices obtained from the Hational Bureau of Standards; the 
orifice coefficient determined for all orifices with flow 
in either direction was 0.59. 



Balance System 

The balance system is shown in figure 2. The float- 
ing mounting plate and the attached box formed one side 
of a parallelogram whose opposite #ide was a rigid steel 
pipe attached to a concrete pillar extending up from the 
floor of the building. This pipe acted as a duct, being 
connected to the floating chamber through two flexible 
joints, as shown in the figure. Ball bearings were used 
at all fotir joints of the parallelogram. The floating 
chamber and the attached structure were count erweight ed , 
and the drag scale was attached by a wire as shown. Suf- 
ficient counterweight was applied to assure tension in the 
balance wire at all times. 

The scale was of the beam type, automatically oper- 
ated by a motor and electric contacts at the end of the 
beam. Oil dash pots were used for damping the lateral and 
the vertical oscillations of the floating mounting plate, 
and clearance between the plate and the svirrounding metal 
frame was assured by a system of indicating lights. 

The ball-bearing jointed parallelogram and flexibly 
coupled duct were arranged in such a. manner as to reduce 
to a minimum the drag correction resulting fror.' pressure 
and flow in the system. The plate opening was stopped up 
and drag tests were run through the complete rang© of pos- 
itive and negative pressures; the correction due to pres- 
sure was found to be negligible. With tunnel velocity 
zero and the plain circular holes centrally located in the 
floating plate, the corrections for flow in both direc- 
tions were determined. The correction for flow in the in- 
let direction amounts to a maximum of about 5 percent", of 
the drag. The correction for flow in the outlet direction 
is of opposite sign and about one-half as great as that 
for the inlet direction at any given rate of flow. 
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MODELS 



A pictorial index of the general arrangements investi- 
gated is given by tables I" and II; the numbers under the 
sketches refer to the figures that give the complete de- 
tails. Photographs of models are shown in figures land 5 
and drawings are included with the characteristic curves 
of figures 11 to 59 and 62 to 66. The flat plate and all 
the hinged flaps tested on it and on the U.A.C.A. 0018 
wing model were of l/l6-inch steel plate. The flap sur- 
faces were plane and the edges sharp. The circular pipe 
used for ducts and models in flat-plate tests was 3- inch 
seamless steel tubing: of about 0.080-inch wall thickness. 
The external scoop-type inlets and outlets were formed 
from sheet copper about l/32 inch thick; and the recess- 
type inlets and outlets were made of galvanized iron, also 
l/32 inch thick. 

It may be noticed that slight differences exist between 
the tabulated areas of openings and the areas that may be 
computed from the dimensions on the drawings. The linear 
and the angular dimensions given are approximately correct, 
but the tabulated a r ea s are the result of careful measure- 
ments of the openings as tested. The tabulated areas were 
used in the reduction of the data to coefficient form. 

All the guide vanes were of thin sheet brass, shaped 
as recommended in reference 3. The set of vanes used in 
the recess-type openings was adjusted so as to divide the 
bend into four nearly equal parts with either the 10° or 
the 15° recess. The three vanes, as a unit, were shifted 
when necessary. 

The 36- by 35- inch IT. A. C.A. 0018 wing model shown in 
figure 5 was' wood, partly covered by l/8- inch- thick pressed- 
wood board. Two ribs divided the interior into three near- 
ly equal compartments, the central one having a clear width 
of 12 inches. 

When the wing was mounted in the tunnel, the steel 
plate at its end was fastened to the floating chamber as 
though the complete wing* were an opening being tested on 
the fiat mounting plate. The wing extended 16 inches 
above and 20 inches below the horizontal center line of 
the mounting plate. Because the trailing edge would have 
been only 3 inches above the lower . edge of the plane shown 
in figure 1, the plane was extended another 2 feet into 
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the exit core (see fig. 2) before the wing was installed. 
Openings in the two sides of the wing were, insofar as 
possible, made exactly alike and the angle of attack was 
maintained at zero throughout the tests. 



RESULTS 
Symbols and Coefficients 

The symbols and coefficients used herein are defined 
as follows: 

A, mouth area of opening, unless otherwise defined. 
A<3_, duct area at location of pressure tap. 
D, drag. 

/it- p, static jpr ess-are rela.tly._to that of free stream. 

q, dynamic pressure of free stream., unless qualified, 
q" , dynamic pressure at edge of boundary layer, 
p, mass density of air. 
Q, volume of flow per unit time. 
H, total head. 
V=<\/2q/p, velocity of free stream. 
V, velocity at any point. 

V" , velocity at any point at edge of boundary layer. 

Q/A.Y, coefficient of flow. 

p/q, coefficient of static pressure. 

Ap/q =. (p/q) i - (p/q) 0 

H/q = p/q + (A/A d ) 2 (q/AV) 2 , coefficient of total 

pressure. 
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D/qA, coefficient of drag. 



Cp L , coefficient of power loss. 

V./7, theoretical velocity ratio at inlet. 
Y 0 /V, theoretical velocity ratio at outlet. 



c = 



/ 2 P /p 



orifice coefficient. 



Subscripts: 

i , . inlet . 
o, outlet, 
r , radiator . 
f , flowmeter. 

A standard form of presentation of test results has 
"been adopted, all the variables being expressed as dimen- 
sionless coefficients. The flow coefficient Q,/aV 'is 
the ratio of the average velocity through the area A to 
the velocity of the free stream, where A is usually "- 
taken as the minimum cro ss- sect ional area of the opening. 
The drag coefficient D/qA is always based on the same 
area as the flow coefficient, and D is the total drag 
minus the tare drag of the plain flat plate, or of the 
plate and the wing. The static-pressure coefficient p/q 
is the ratio of local static pressure to free-stream dy- 
namic pressure. Locations of the reference-pressure taps 
for ducted oj>enings are given on the drawings. When no 
duct was used, the static pressure was determined at the 
center of the top face of the floating chamber. 



The power-loss coefficient Cp L is a criterion of 
merit, which may be expressed-as follows: 



'PL; 



y PL, 



= DV + (HQ, 4- qQ,) 

qQ, 



(i) 



(2) 
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where DY is the drag power; HQ, the pressure power; 
and qQ, the kinetic power of the induced flow. For in- 
lets, (HQ + qQ) represents available power whereas, for 
outlets, it represents expended power; hence the differ- 
ence in signs in the right-hand members of equations (l) 
and (2). These coefficients, which are more fully described 
in reference 4, may also be expressed as functions of the 
drag, the flow, and the total-pressure coefficients, as 
follows: 



'PL j. 



1) 



(3) 



'PL, 



D/qA 
Q/AT 



+ (H/q + 1) 



(4) 



External Conditions 

The external conditions at the locations of the open- 
ings, with the openings sealed or removed, are given in 
the following table. 



Location on 
wing 


p/ q 


q"/q 


v»/v 


Boundary 
layer 


0.000c 


1.00 


0 


0 


0 


.175c 


-.66 


1. 66 


1.29 


negligible 


.800c 


-.08 


1.04 


1.02 


figure 8 


flat plate 


-.02 , 


1.00 


1.00 


figure 7 



Velocity distributions in the boundary layer of the 
flat plate and at the. wing were determined by means of a 
survey comb (fig. 6) and a multiple- tube manometer. These 
results were corrected for total-pressure gradient (see 
reference 5) and are plotted in figures 7 and 8. The 
curves of figure 8 extend above unity because the ratio of 
point to free-stream velocity, rather than the ratio of 
point to potential-flow velocity, was plotted. These 
curves show that the boundary layer was of about the same 
thickness at corresponding points on the two sides of the 
wing and that it was considerably thicker at the center 



of the span than 10 inches inboard or outboard of that lo- 
cation. The thickening at the center was caused by the 
installation of flaps at 0.175c, even though the flaps 
were closed and sealed during the boundary- layer determi- 
nations. Ho additional surve/s were made after the ad- 
justable flaps were replaced by preformed platos, but com- 
parison of drag tests showed that the boundary- layer thick- 
ening shown in figure 8 corresponded to more than 7 per- 
cent of the wing drag, even though the span of the flaps 
was less than 30 percent that of the wing. 



Duct Pressure Gradients 

l'-l''l.t*^P..1.3:t_e _t_e s t_s L . - Pressure gradients were measured 
in the circular and rectangular ducts by flush pressure 
taps in the duct walls. Inlet gradients for the flush, 
circular-opening, 90° duct (model 3P30-90, fig. 23) at 
four rates of flow are given in figure 9, together with 
average gradients for. the same duct with elbow (model 
2P33 6, fig. 27.) and with conventional scoops (models 5P3- 
PB and 5P3-PC, fig. 28). Average gradients are given for 
the scoops and the elbow because the variation with flow 
coefficient over a wide range was very small and showed no 
definite trend. 

The rising pressure gradients shown in figure 9 are a 
well-known property of elbows in dtTcts and of sharp- edge 
entrances. (See reference 3.) They are the result of 
break-away from the inside surface behind the bend, or en- 
trance, and subsequent return of t?ae flow to the surface 
farther downstream. After the velocity has returned to a 
fairly uniform distribution, the gradient changes sign and 
.starts to follow the regular pipe-loss curve. The duct 
length used was too short to allow return of the gradient 
to that for pure pipe loss, the tap farthest downstream 
being very near the maximum static-pressure point for the 
greater part of the tests with the circular duct and being 
even farther upstream with the rectangular duct. It is ob- 
vious that the bend affects the velocity distribution for 
some distance along the duct, and this interference should 
be considered in the design of a system. It will be of 
little use to expand a duct that is. already flowing only 
half full; moreover, a bend or other change of cross sec- 
tion very near the opening cannot be assumed tohave the 
same characteristics as it would have behind a long duct. 
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The flow coefficient Q/A7 would be expected to 
have little effect upon the pressure gradient behind a 
scoop or elbow because it does not affect the ratio of 
average velocities on the two sides of the bend. This ex- 
pectation was satisfied by the tests of models 2P336, 
5P3-PB, and 5P3-PC, for which average curves are given in 
figure 9. On the other hand, the large effect of flow 
coefficient upon the gradient of model 3P30-90 is seen to 
be the result of a change in the ratio of velocities on 
the two sides of the bend, the bend being the region of 
the opening even though the duct itself is straight. The 
variation may also be thought of as the result of a change 
in the angle of bend. 

The outlet-duct pressure measurements gave the follow- 
ing results: The pressure drop from. box into bollmouth 
for circular and rectangular ducts, respectively, was 
lol3q and L.17q in the duct, corresponding entrance losses 
being 0.13q and 0.17q. The gradients in the ducts were 
nearly straight lines, the pressure dropping at 0.15q and 
0.20q of the duct per foot for circular and rectangular 
sections, respectively; these slopes were merely pipe-loss 
gradients and were not affected by either the shape of the 
outlet opening or the flow past it except within about one 
diameter of the end of the uniform section. 

These results show that both the entrance and the 
pipe losses for the rectangular duct were higher than for 
the circular duct. The entrance losses may have been af- 
fected by the nearness of the screen, for they are higher 
than expected from results of hydraulic tests (reference 6, 
p. 206). The pipe losses, too, are higher than expected, 
but the low accuracy with, which pipe-loss determinations 
can be made on such short specimens would not lead one to 
expect very close agreement with other tests. Pipe losses 
are usually of secondary importance, howover, relative to 
losses at the outlet opening. 

Win g test s.- In the • det erminat ion of the duct pressure 
gradients shown in figure 10, which also serve as wing flow- 
meter calibrations, the static-pressure tubes were connect- 
ed to a mult iple-tube manometer and the pressures were ob- 
served over a wide range of flow conditions. In these 
tests, the air. was taken into the wing at the front or the 
rear and. was then passed through the .flowmeter (see the 
appendix) , through holes in the wing ribs into the chamber 
behind the mounting" plate, and thence through the regular 
system. The air was metered by the orifice drum. 



The positive static-pressure gradients in the down- 
stream direction are the result of a partial conversion of 
dynamic to static pressure, the static-pressure increases 
downstream of the flowmeter "being in fair agreement with. 
Borda's formula (reference 6, pp. 207-210). 



Characteristics of Openings in the Plat Plate 

The conditions tinder which the openings were tested 
will probably never "be reproduced in practice. Even if the 
openings themselves were "built exactly like the models 
tested, the flow around the "bodies in which they are placed 
would "be such as to cause differences in the time and the 
space variations of pressure and velocity, which might 
have a large effect upon the- aerodynamic characteristics 
of the openings. Relative to the accuracy with which these 
effects may he estimated in any practical application, the 
results presented may be considered exact for the partic- 
ular conditions prevailing. That is, in the use of the 
results of one of these tests for design purposes, the 
pro"ba"Dle error in them is negligible in comparison with 
that involved in the estimation of the effects of boundary-' 
.layer conditions and interference differing from those of 
the original test. Thus, the absolute precision is not of 
great importance, and small errors that remained constant 
during all tests may "be neglected. 

It should "be noted that the power-loss coefficient is 
usually the difference between two numbers of the same or- 
der of magnitude, and consequently its percentage accuracy 
is below that of the other coefficients. Thus, errors in 
the other coefficients will show up greatly magnified in 
the power-loss coefficient, especially errors in drag at 
low rates of flow. In general, the lower the power- loss 
..coefficient, the lower its percentage accuracy. The re- 
markable smoothness of most of the curves of Cp-^ and the 

infrequency of erratic points, in spite of the tendency of 
this coefficient to magnify errors, indicate that the rel- 
ative precision of measurements was high. 

All the original tests of openings in a flat plate 
were made at a tunnel velocity of approximately 40 miles 
per hour, but many of these tests were repeated at about 
80 miles per hour to determine the effects of stream veloc- 
ity and to serve as checks on the results at the lower 
speed. The tunnel dynamic pressures were maintained at 
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constant heights of alcohol representing 40 and 80 miles 
per hour in standard air at a manometer temperature of 88° 
P., which was a little a"bove the average temperature for 
all tests made. The dynamic pressures were corrected for 
variations in temperature of the manometer alcohol. Keep- 
ing the heights of alcohol, rather than the actual pres- 
sures, constant made temperature corrections unnecessary 
for orifice-drum and duct-pressure manometers. The actual 
velocities "both in the tunnel and in the induced-flow sys- 
tem were not determined during these tests because they 
were not required, all results being given as ratios inde- 
pendent of small variations in velocity within the accuracy 
of the -measurements made. 

Results of tests of openings in the flat plate are 
given in figures 11 to 59. Comparison of the results of 
tests luxn at both 40 and 80 miles per hour shows very lit- 
tle variation' of characteristics with velocity for most of 
the devices tested, and tie small variations that are ap- 
parent can usually be accounted for by the difference in 
boxindary- lay er thickness at the two velocities. Tests of 
the 3- and 4- inch-diameter pipes, the 2- and 3- inch-diame- 
ter holes, and the 1-g— and 2-f-inch chord flaps showed that 
outlet characteristics are little affected by the size of 
the device and that inlet characteristics are little af- 
fected when the opening is outside the boundary layer of 
the plate. T7hen the opening, or a part of it, lies within 
the boundary layer of the plat e , however, any variation of 
opening size that results in a variation of the ratio of 
opening height to boundary/-- layer thickness has a large ef- 
fect upon the inlet characteristics. This boundary- lay er 
effect is evident not only from the comparison of tests of 
similar models but also from tests of a single flap ad- 
justed to different angles so that the openings are of 
different heights. (See figs. 14 and 17.) 

The test results show the beneficial effects of prop- 
erly fairing the rear portions of conventional scoops, 
pipes, and elbows that project into the air stream and of 
necking down the openings for both the inlet and the out- 
lot. Thickening and roun'ding the leading edges of scoops 
did not show any definite improvement as compared with a 
nccked-down sharp-edge entrance, but these tests did not 
cover a sufficient range of shapes to constitute the basis 
for a general conclusion. 

The internal flap openings and the recessr-type inlets 
and outlets with ducts did not provide much pressure for 
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maintaining the flow but exhibited very low power-loss 
coefficients for blower-induced flow. Recess inlets with 
no surfaces projecting above the plane, nevertheless, pro- 
duced built-up static pressures as high as one-third of 
the free-stream dynamic pressure. (See fig. 34.) 

Figures 28 and 55 show that a hood- covered duct at 45° 
with the surface had less bend loss than one at 90 with 
the surface, as would be expected. Tests of the recess- 
type inlets and outlets (figs. 34-36, 58, and 59) showed 
that, for sharp 90° bends, guide vanes were beneficial and 
square corners were slightly better than rounded ones, 
these restilts being in agreement with those of reference 3. 
The effects of guide vanes are also shown in figures 32 
and 57. 

Cross-Wind Orifice Coefficients 

From the pressure characteristics of figures 11 and 
38, orifice coefficients C may be computed and compared 
with orifice coefficients derived from tests in still air. 
Because such a comparison seemed to be of fundamental value, 
the curves of figures 60 and 61 were prepared from the 
original data corresponding to figures 11 and 38 and from 
additional tests of the same openings with zero tunnel ve- 
locity. 

Figure 60 shows the coefficients plotted against the 
orifice pressure. Figure 61 shows the same coefficients 
plotted against the ratio of orifice to cross-wind pres- 
sures. On this basis, the tunnel zero velocity points are 
at infinity, and the cross-wind curves would be expected 
to approach the cross-wind zero-velocity orifice coeffi- 
cients as the pressure ratio is increased. 

Variations of orifice diameter and tunnel velocity 
had little effect upon inletf coefficients but considerable 
effect upon outlot coefficients for the arrangements and 
conditions investigated (fig. 61). 



Characteristics of Openings in an N.A.C.A. 0018 Wing 

Sep.arat e_set_s _of _qp_ening_s .- The results of tests of 
separate sets, of openings in the IJ.A.C.A. 0018 wing are 
given in figures 62 to 66. All tests were made at an air- 
stream velocity of approximately 80 miles per hour, and 
the test procedure was the same as for flat-plate tests. 
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Tare drag of the wing with adjustable flaps was de- 
termined with the flaps installed, hut closed and sealed. 
Tare drag was therefore higher, and the boundary layer at 
the rear flaps was thicker than for a smooth wing. Tare 
drag of the wing with fixed openings was determined before 
the nose openings were installed, a drag test being made 
with all flaps removed and replaced by smooth, preformed 
plates, carefully faired into the wing contour. Tho taro 
drag and thickness of boundary layer were, consequently, 
less than for the adjustable-flap tests. Because of these 
differences, the fixed openings relative to the adjustable 
ones are actually better than shown in the figures. 

In the determination of the static-pressure data of 
figures 62 to 66, the pressure taps used were the ones 
nearest the wing flowmeter on the same side as the open- 
ings being tested, (See fig. 10.) A study of the pres- 
sure gradients of figure 10 shows that the static pres- 
sures at the outlet openings were somewhat greater than 
those just behind the flowmeter, as has already been dis- 
cussed. 

The power-loss coefficients were computed in the same 
manner as for the flat-plate tests. Assuming that the dy- 
namic pressure in the duct was equal to \ p (q/A^) 2 in- 
volved little error in the reduction of flat-plate-test 
data because the duct velocities were fairly uniform at 
the static-pressure taps, but the same assumption in the 
computation of power-loss coefficients of outlets in the 
wing makes those coefficients erroneously low. Prom the 
data of figure 10, it appears that the error in Cpx, is 
about 0.2 (q/aV) 2 for the 0.0347 square foot outlets 
and one-fourth as much for the 0.0174 square foot outlets. 
'So correction was made for this error because it is con- 
sistent and . therefore does not affect the value of the re- 
sults; it do es • account , however, for the negative Cp^ 
shown in figure 66. 

The wing tests were made chiefly to check the/appl i- 
cability of flat-plate data to the design of openings* in 
typical aerodynamic bodies. The locations chosen were, 
therefore, the practical extremes of static-pressure, ve- 
locity, and boundary-layer thickness, available on the 
model used. 

The inlet and outlet characteristics of the internal 
flap at 10° with the surface as tested on the flat plate 
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and or. the wing aro given in figures 67 and 68. The char- 
acteristics of the wing-nose inlet are also given in fig- 
ure 67. 

Plat-plate data would not be expected to apply to 
openings at the front stagnation point, and figures 67 and 
68 show that such data are not applicable either there or 
in the high-velocity region, which, in this case, is the 
0.175c location. The drag coefficient ^vith the nose inlet 
is in good agreement with the value that would be expected 
from tests of a flush opening in a flat plate with zero 
boundary layer, but the pressure coefficient is much 
higher because no bend loss is involved. 

Agreement of flat-plate coefficients with those deter- 
mined for the 0.175c location is poor, principally because 
of the high interference drag caused by a departure from 
smooth flow at that location. 

Agreement of flat-plate and wing data at the 0.800c 
location is fair because the boundary layers are of about 
the same relative thickness and the effects of interfer- 
ence are small. The presence of some interference drag, 
however , could account for the small and nearly constant 
difference between the drag curves for the outlet condi- 
tion; the curves aro nearly coincident for the inlet con- 
dition. Static-pressure coefficients of both inlet and 
outlet on the wing are less than on the plate over the full 
range of flow; the difference may be ascribed chiefly to 
the different internal arrangements and to the small nega- 
tive static pressure naturally occurring at the 0.800c 
location. 

C o mb i na t_i on s _o_f _i_ nl e_t_and outlet openings.. - Hine com- 
binations of inlet and outlet openings in the *wing were 
tested and the results are given in table III together 
with characteristics computed from figures 62 to 56. 

All combination tests were made at an air- stream ve- 
locity of 80 miles per hour, tare drags were the same as 
for the cor respo nding tests of individxxal sots of openings, 
and static pressures were measured on the two sides of the 
flowmeter at the pressure taps nearest the flowmeter. The 
rate of flow was computed from the. measured pressure drop 
through the flowmeter and from the data of figure 10. 

The drag of the openings in combination is, in general, 
less than that of the openings individually, a tendency an- 
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ticipated inasmuch as the drag of openings at the 0.800c 
location is reduced "by the boundary- lay or thickening that 
results from openings in the nose or at the 0.175c loca- 
tion. The power-loss coefficients and the efficiencies 
are correspondingly affected. 



DISCUSSION 

The Ducted System as a Complete Unit 



In reference 4, the ideal, or theoretical, efficien- 
cies and the power-loss coefficients aro derived for the 
generalized induced-flow system and for the important spe- 
cial case of zero angularity of inlet and outlet flow rel- 
ative to the free stream. Tor this case 

C p . = (y/V - I) 2 - (Y./Y - 1) S (5) 
-^i+o 0 1 

where Y^/Y and V Q /V are the hypothetical velocity ra- 
tios at inlet and outlet, respectively; that is, the ve- 
locity ratios that would exist at a great distance from 
the induced-flow system if there were no mixing or loss of 
total head. 

From eqtiation (5) it may be seen that, for minimum 
Cp£ of the complete system, V--/V = 1 and Y^/Y is as 

far from unity as possible in either a positive or a neg- 
ative direction. If a pressure drop occurs in the system, 
as is usually the case, Y 0 /V < Yj_/V and vice versa. 

Therefore,- in order that Y Q /V = 1, Y^/V must be greater 

than unity in a pressure-drop system and less than unity 
in a pressure-rise system. These relationships divide 
induced-flow systems into two distinct types, one in' which 
the flow is induced by the external pressure difference at 
the openings, and the other in which flow is induced by a 
]&uinp or blower within the system. The first type will be 
called an externally induced-flow system, and the second 
type will be called a blower- indxiced-f low system. There 
should be no borderline case, since it has been shown that 
Vi/Y should be as far from unity as possible. 

Maintaining ideal outlet conditions in an externally 
induced-flow system will usually be impossible because the 
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pressure drop through, the system will be greater than the 
maximum press-are rise in the propeller slipstream, the op- 
timum location for the inlet of such a system. 

In a blower- indu ced-f low system, however, it should 
always be possible to operate at the desired condition. 
Furthermore, such a system cotild be r.ado to provide ade- 
quate cooling or ventilation at all tines, even though de- 
signed for maximum efficiency at one particular flight 
condition, because it would be relatively independent of 
the velocity or attitude of the aircraft. 

In the design of a system, the required flow and the 
pressure drop must be determined, particularly for an ex- 
ternally induced-flow system for which the available pres- 
sure drop is limited. The flow requirement will usually 
be known or assumed, at the outset but can be determined 
experimentally by a blower and metering equipment such as 
those used in the present investigation. Such equipment 
could, moreover, be used to determine the pressure drop 
through an experimental induced-flow system and to deter- 
mine the effects of changes in the system, thereby allowing 
a cut-^and-try method of approaching the best possible duct 
arrangement in an actual installation. An experimental 
attack on the problem of duct design is recommended because 
of the irregular shapes of ducts used in aircraft and the 
frequency of bends, expansions, contractions, and other 
changes of cross section; an analytical solution wotild not 
be dependable except for a few simple arrangements for 
which adequate test results are available. 



The Inlet Opening 

Ideal characteristics.- Prom reference 4, the ideal 

characteristics of an inlet opening for the special case 
of zero angle of approach are as follows: 

Cp - D/qA = 2(Q/AV) 7,/v ( 3) 

p/q = (Ti/7) 8 - (A/A d ) S (Q/AV) 3 (7) 

c PL . = - TV- - D a ' < 8 > 

These equations, which are plotted in figure 69, clearly 

illustrate the effects of V./V and q/AY upon the char- 
acteristics of an inlet opening. 
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Inlet design for e xlL^i?LL^_^§^ A&~l1L "k • - 

Theory indicates that the inlet opening of an externally 
induced-flow system should "be in the region of maximum 
total head; that is, the region in the propeller slipstream 
corresponding to about the 0.75 radius. Tests indicate, 
moreover, that the opening should "be at the forward stag- 
nation point on a typical aerodynamic "body. If so located, 
the characteristics of the opening may be computed from 
the theory, the accuracy of such a computation being shown 
by the comparison in figure 67 for the special case of 
7 i/v =1.0. If desired, an allowance may be made for the 
small discrepancies shown. 

Figure 67 shows that the actual characteristics of the 
nose inlet tested are very nearly ideal. It must be re- 
membered, however, that the test installation, with open- 
ings on the chord line of a symmetrical wing at zero lift, 
is not likely to be reproduced in practice. Movement of 
the stagnation point with change in lift coefficient will 
make it impossible to maintain the opening at the stagna- 
tion point over the full flight range unless some prac- 
tical method is devised for varying the inlet location. 
Even a small displacement of the inlet relative to the 
stagnation point would be expected to increase the drag 
and decrease the available pressure, but the magnitude of 
those losses cannot be predicted from the results of the 
present investigation. Another loss that will generally 
be encountered in practical installations of wing-nose in- 
lets is a bend loss just inside the opening. Such a loss 
was not present in the test installation because of the 
symmetry of the model and of the flow relative to the 
chord line. 

Computed characteristics of a well-shaped and properly 
located opening at the nose of a fuselage may be more re- 
liable than for a wing-nose inlet on account of the smaller 
relative movement of the stagnation point. 

Because of practical considerations, it will often be 
found desirable to locate the inlet opening of an exter- 
nally induced-flow system back of the forward positive- 
pressure region. In such installations it is recommended 
that the inlet be located as near the trailing edge as 
possible in order to reduce interference drag and to take 
advantage of the natural static-pressure rise. The open- 
ing should bo outside the boundary layer, and the scoop 
should be necked down at the front and properly faireel at 
the rear. If a short radius bend is required, it should 
be fitted with guide vanes as prescribed in reference 3. 
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Inlet design for "blowe r - induced- flay/ sy stems.- Both 
theory and test results show that the inlet opening of a 
blower- induced-f low system should "be as near the rear 
stagnation point as practicable in order to reduce the 
interference drag and to take maximum advantage of the 
boundary layer and the positive static pressure. The rear- 
ward limiting position of the opening will be determined 
by necessary duct space and by the construction of the 
wing or fuselage, especially where movable surfaces are 
employed, such as high-lift or control devices. 

Tests of both the flat plate and the wing showed that 
the external flap has a higher loss than the internal type 
and that the pressure recovery is improved by the use of 
an expanding section inside the opening, such as was used 
in the case of the overlapping flaps. The opening ffEIB 
(fig. 64) was the best of those tested, and the character- 
istics of this type of opening would be expected to im- 
prove as the ratio of opening gap to boundary-layer thick- 
ness is decreased; i.e., a long narrow opening should be 
better than a short wide one of the same area because it- 
will take in air of a lower average total head. 

The drag of a well-shaped opening near the trailing 
edge may be easily computed with satisfactory accuracy from 
equation (6) if the velocity distribution in the boundary 
layer is known.. The results of such computations are given 
in table 17, together with test results, and it may be 
seen that the computed drags are very near the measured 
drags except for the external flaps, which naturally ex- 
perience an additional form drag. In the computations, 
flow coefficients near the point of minimum Cp^ were 
cho sen . 

Table IV also shows that, for the openings tested, the 
measured static pressures are less than the computed total 
heads by roughly 1.5 timos the dynamic pressure of the air 
flowing through the gap, except for the internal flaps at 
relatively high angles. These pressure drops were antici- 
pated from previous knowledge of flow through a small open- 
ing into a large chamber. (See fig. 10.) For design pur- 
poses, an error in the computation of the pressure charac- 
teristics is not so serious for the blower- induced-f low 
system as for the externally induced-flow system because 
the flow may be regulated by the blower. 
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The Outlet Opening 

Ideal characteri st ics-.- IFrom reference 4, the ideal 
characteristics of outlet openings are as follows: 

C D = D,/qA = - 2(Q/AT) (V 0 /V) cos 9 (9) 
H/q = (V 0 /V) a (10) 

c FL - - 2 y o /y cos e + (v. 0 /v) s + 1 (11) 

in which 6 is the hypothetical angle of the exhaust jet 
relative to that of the free stream. 

In figure 70 these equations are plotted at three 
values of G for the special case of an outlet either on 
a flat plate or on a "body at such a location that the lo- 
cal velocity is equal to the free-stream velocity; i.e., 
T 0 /T = Qj AY. 

Outlet openings in aerodynamic "bodies will cause in- 
terference drag, the amount depending upon the shape and 
location of the openings. Even flush openings on flat 
-plates, however, will not exhibit ideal characteristics 
Decause of interaction of the issuing jet and the exter- 
nal stream, as shown "by a comparison of figures 51 and 70, 
and because discharge coefficients, particularly for sharp- 
edge openings, are not unity, as shown by figures 60 and 
61. If the effective areas, rather than the actual areas 
had been' used in the redaction of test data, the agreement 
between figures 38 and 70 would have been much better, as 
would the agreement between the theory and the flat-plate 
curves of figure 33. 

Den sity corrections.- In the development of the the- 
ory, ideal fluid was assumed and, in the tests, the den- 
sity variation was negligible; but, in many applications, 
particularly to engine- exhaust systems, the density of the 
issuing jet will be widely different from that of the sur- 
rounding stream. In all such cases corrections must be 
applied, depending upon the characteristics of the partic- 
ular device being tised and its location on the body. If 
external interference effects are negligible, as for a 
flush opening at the roar of a body, substitution of the 
density of the issuing jet in the ideal equations or em- 
pirical coefficients will give ideal or actual character- 
istics, respectively. 
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If, on the other hand, the characteristics arc almost 
completely determined by the external flow, as for an ex- 
t ernal-hood-type outlet at low flow coefficients, the den- 
sity of the external stream would "be used in computing 
drag and static pressure. 

If the installation does not fall into either of the 
foregoing classifications "but is somewhere "between, it 
will "be necessary to estimate the separate contributions 
of internal and external flows to the over-all character- 
istics and to correct accordingly. 

Outlet design for externally in du ced- flow systems. - 

Theory indicates and tests prove the high drag cost of 
maintaining at the outlet opening a total head which is 
low relative to that of the free stream. It is therefore 
recommended that the outlet velocity be maintained as near 
the ideal as practicable and that the opening be located 
in a low-velocity region, preferably at the rear of the 
body, in order to reduce interference drag. It seems hard- 
ly necessary to state that the jet direction should be as 
near that of the potential flow as practicable. 

With a given inlet condition, the total head at the 
outlet opening is determined by the pressure drop in the 
system. The importance of reducing internal losses cannot 
therefore be overemphasized because such losses are accom- 
panied by external losses, which appear as energy left in 
the wake. This external loss, which occurs only in sys- 
tems having motion relative to the surrounding fluid, 
makes duct design so important for aircraft using exter- 
nally induced-flow systems. Present practice, particular- 
ly in regard to the cooling of air-cooled engines, indi- 
cates that these basic principles have not heretofore been 
fully appreciated. 

Outlet design f or blower- indue ed-f low _systemg.. - The 
ideal outlet conditions for a blower-induced-flow system 
are the same as for an externally induced-flow system but, 
whereas it is almost impossible in the externally induced- 
flow system to realize them, the outlet conditions for the 
blower- induced-flow system are fully controllable. Ex- 
hausting at- fre_e-j^tr earn .total head is the ideal optimum, 
but the practical optimum will depend up 61T~"tEi _ 'cEar act er- 
istics of the blower and the ducts used and must, there- 
fore, be determined for each particular installation. It 
seems reasonable to expect, hoitever , that the practical 
optimum will seldom be far from the ideal. 
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, Sample Problem 

Example: A flow of 6.13 cubic feet per second is re- 
quired for a radiator with the pressure characteristics of 
the wing flowmeter shown in figure 10 when the airplane 
speed is 352.2 feet per second (240 m.p.h.). The cooler 
is to "be installed in a wing in the same manner as the 
flowmeter, and openings WIT I (fig. 64) and WR3A (fig. SS) 
arc to be used. It is assumed that the characteristics 
given in figures 54 and 55 are applicable. 

Prom figure 10, Ap/q,. = 1.35 and A r = 0.033 sq. ft. 




= 0.2785 



Ap/q - (Ap/q r ) (q r /q) = 0.38 

From the curves of 0^ against p/q of figures 64 and 

56 and the requirement that the difference in p/q for 
inlet, ond outlet must equal 0.33, as just computed, the 
pressure coefficient for each opening is determined for 
the condition of minimum total C-pt • Then from the curves 

of p/q and 0p T against Q/A7, the flow coefficients 

are determined, from which the sizes of the openings may 
be calculated. The values so determined are tabulated as 
f oilers : 





p/ q 


°PL 


- I 
q/AT 


A 

(s q . ft.) 


Inlet 


0 .82 


0 . 3 5 


0.35 


0.0497 


Outlet 


. 44 


-.02 


. 57 




.0250 • 

■ 



The table gives the optimum sizes of the openings for 
the conditions assumed. If any other sizes are used, the 
Cpr will be higher, even though the required flow and 

pressure characteristics are obtained. The total CpT, 
calculated for the same arrangement and nearly the sane 
Ap/q, but for openings of the areas tested rather than 
the optimums, is given in table III as 0.51. It is thus 
evident that, even though the proper shapes and locations 
of openings are used, the system will bo inefficient if 
the openings are not of the proper size. 
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CONCLUSIONS 



1. The use of. wind- tunnel results for designing an 
opening at a particular location on ar aircraft demands a 
knowledge of the external flow at that location and of the 
internal flow and the pressure requirements of the system. 

2. Drag and pressure characteristics of openings in 
aerodynamic "bodies may "be computed from the results of 
tests on flat plates if interference effects are known. 

3.. The aerodynaraically "best location for the inlet 
opening of an externally induced-flow system is at the 
front stagnation point of the body and in the maximum to- 
tal-head region of the propeller slipstream. 

4. The aerodynamically "best location for the inlet 
opening of a "blower- induced- flow system is in the region 
of lowest total head, probably at the base of the boundary 
layer near the trailing edge of the body. 

5. For minimum power loss of an outlet opening, the 
velocity and the direction of the jet should be maintained 
approximately the same as that of the potential flow at the 
location of the opening. 



Langley Memorial Aeronautical laboratory, 

lational Advisory Committee for Aeronautics, 
Langley Field, Va., August 31, 1938. 



APPENDIX 



Duct Flowmeter 



Heed often arises for a simple type of duct flowmeter, 
the calibration of which is independent of disturbances 
in the stream either in front of or "behind it. Previous 
tests seemed to indicate that such a flowmeter could be 
built as shown in figure 71. It consists of a number of 
circular holes of unit length-diameter ratio with small 
impact and static-pressure tubes installed one-quarter tube 
length from the outlet side, as shown in the figure. Such 
a meter was built and tested in the set-up shown in fig- 
ure 72. 

This set-up included a rectangular duct with bellmouth 
entrance and static-pressure taps installed flvish with the 
inside duct surface at the locations shown in the figure. 
The flowmeter was mounted in the center of the duct, and 
obstructions were placed in the stream 1 foot on either 
side of it. Each of these obstructions blocked off approx- 
imately one-half the duct area, as shown in the figure. 
By moans of the blower and the orifice drum previously de- 
scribed, known quantities of air were drawn through the 
&nct over a flow range corresponding to a flowmeter pres- 
sure drop of from 1 to 8 inches of alcohol. Elowmeter 
pressures and duct static pressures were measured with a 
multiple-tube manometer with each of the obstructions sep- 
arately in place, with no obstructions, and with the two 
end holes of the flowmeter stopped up. 

Yery little scale effect was noticed over the range of 
tests for any given obstruction. Elowmeter calibration was 
little affected by the obstructions placed behind the meter, 
but those placed ahead of it had a large effect, as may be 
seen in figure 71. In fact, the flowmeter pressures ap- 
peared to give a much less satisfactory calibration than 
the duct static pressures on the two sides of the meter. 
These duct static pressures were much steadier at any given 
condition of the duct and they did not show so much varia- 
tion with change of obstruction as did the flowmeter pres- 
sures. It was therefore decided to use duct static pres- 
sures for flow determination in the subsequent wing-opening 
■tests and it was also thought advisable to recalibrate the 
system for each condition of the inlet openings. That this 
decision was wise is evident from a study of the duct gra- 



25 



client curves of figure 10 which show a much greater varia- 
tion of calibration than is shown by the results given in 
figure 71. 

From the results of these tests, it must be concluded 
that neither the flowmeter pressure taps nor the duct 
static-pressure taps yield a calibration inappreciably af- 
fected by flow changes in the duct ahead of the- flowmeter. 
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Table I.- General arrangements of inlet openings investigated. 
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Figure 64 



Table II.- General arrangements of outlet openings investigated. 
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TABLE III. . Characteristics of ComMnat ions 
of Inlet and Outlet Openings 
in an 1T.A.C.A. 0018 Wing 





Openings tested 
in combination 


Openings tested 
individually (figs. 62-66) 


a inlet 
opening 


b 0utlet 
opening 


AY 


_D_ 
qA 


Ap. 

q 


C FL 


T) 

(per- 
cent) 


qA 


Ap 

q 


, OpL 


r\ 

(per- 
cent) 


WFI-10+0 
WFI-10+0 


WR1+5- 5 
WRI+0-10 


0.308 
.279 


lolO 

.97 


0,170. 
.140 


3.42 

3.34 


4.7 

4.0 


1.19 
1.09 


0.07 
.01 


3.79 
3.74 


1.8 

.3 


WFI- 5+5 


WRE+0-10 


. .312 


1.25 


.175 


3.84 


4.4 


1.70 


.19 


5.15 


3.5 


WRI-10+0 
WRI-10+0 
mi- 5+5 
WRI- 5+5 


WFE-HD-10 
WFB+5- 5 
WFE+5- 5 
wm 1-0-10 


.385 
.443 

.449 
.388 


.39 
.66 
.75 
.50 


.266 
.352 
.362 
.271 


.74 
1,14 
l o 30 
1.02 


26.3 
23.7 
21.8 
21,0 


.52 
.79 

.97 
.70 


.25 
.32 
.41 
.34 


1.04 
1.43 
1.69 
1.45 


18.5 
17.9 
19.0 
18.8 


WHIS . 
WNI 


WR&A 
WREA 


°.459 
c.501 


G .48 
c.44 


.295 
.385 


.74 
.49 


28.4 
44 o 2 


c .47 
c.47 


ol8 
.39 


.82 
.51 


17.6 
41.6 



See figures 62, S3, and 64. 
"^See ' f igur es 65 and 66. . 
Based on outlet area . 
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TABLE IV. Comparison of Experimental and 
Theoretical Characteristics 
of Inlet Openings 



(1) 


(2) 


r (3) 


(4) 


(5) 


(5) ! (7) 


(8) 


a Model 


q/av 

Fear min- 
imum Cpk 


Experimental 


Theo ret ical 


L31-L5L 

(3) 




D/qA 


p/q 


D/qA 


H/q 


( Jr — a Dt U 




0 . 67 4 


-0 .035 


— 

0 . 650 


0. 655 


0.036 


A OA 


<y -n OAj. n 
f r"&Ut U 


r i O T> 


. 667 


.093 


. 615 


. 608 


.07 8 


O • <S 1 


( r-i D+ u 


> '±\J o 


. 677 


.159 


. 608 


. 550 


. 102 


O A ~S 


fJr-lUH- U 


A O O 


.736 


.138 


.720 


.528 


.022 


1,0/ 


7P-" 5+ 0 


.49 7 


. 670 


.081 


. 668 


. 455 


.003 


1. 51 


7P+ 0+ 5 


.598 


.9 67 


- .101 


.814 


.465 


. 158 


1.58 


7P+ 0+10 


. 600 


1 .252 


.020 


.888 


.552 


.291 


1.48 


7P4- 0-+-1 R 




1.458 


.092 


. 944 


. 62 9 


. 352 


i F^n 
x . ou 


7p+ 0+20 


. 613 


1. 502 


.089 


1.015 


. 693 


. 324 


1. 61 


7P+ 0+2 5 


. 617 


1.541 


.088 


1.055 


.740 


.315 


1.71 


WRI-10+ 0 


. 400 


. 596 


.0 64 


. 515 


. 415 


.136 


2 .19 


WEI- 5+ 0 


. 500 


.7 63 


-.0 60 


. 619 


. 382 


.18 9 


1.77 


WHI- 5+ 5 


. 500 


.853 


.038 


. 658 


.433 


.229 


1. 58 


WRI+ 0+ 5 


.700 


1.177 


-.230 


.8 92 


.40 5 


.242 


1.30 


WRI+ 0+10 


.700 


1.358 


-.160 


.947 


.474 


.302 


1.29 


WRI-B 


.400 


.5 64 


.153 


.515 


.415 


.087 


1. 64 



See figures 14, 17, 63, and 64. 
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fIGUBE LEGENDS 



figure 1.- Wind tunnel modifications. ¥ote outlet opening 
on floating plate. 

figure 2.- Induced-flow and balance systems. 

figure 3.- Bellmouth on detachable duct at 45° with plate. 

figure 4.- Orifice drum and blower. 

figure 5.- U.A.C.A. 0018 wing model, showing adjustable 
flap openings at 0.175c and 0.800c locations. 

figure 6.- Comb used for boundary- lay er surveys. 

figure ?.- Boundary- lay er velocity distribution on verti- 
cal center line of mounting plate. 

figure 8.- Boundary- layer velocity distribution at 0.800c 
location on U.A.C.A. wing, flap sealed; 80 m.p.h. 

figure 9.- Duct pressure gradients. Inlet openings in flat 
plate. See figures 23, 27, and 28 for dimensions of 
models. 

figuro 10.- Section through central chamber of 1I.A.C.A. 0018 
wing and internal pressure gradients. 

figure 11.- Inlet characteristics of circular holes in thin 

plate, showing effects of hole diameter and tunnel ve- 
locity. 

figure 12.- Inlet characteristics of \\~ inch- cho rd triple 

flaps, showing effects of flap angle. 

figure 13.- Inlet characteristics of 1-g— inch- cho rd internal 
flap, showing effects of flap angle. 

figure. 14.- Inlet characteristics of 2f~ inch- cho rd internal 
flap, showing effects of flap angle. 

figure 15.- Inlet characteristics of 1-g-- inch- chord external 
triple flaps, showing effects of flap angle and tunnel 
velocity. ( 

figure 16.- Inlet characteristics of 1-g-*- inch- cho rd external 
flap, showing effects of flap angle and. tunnel velocity. 
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Figure 17.- Inlet characteristics of 2|- inch- chord external 
flap, showing effects of flap angle. 

Figure 18.- Inlet characteristics of equal-chord opposed 
flaps, showing effects of p when V is -15°. 

Figure 19.- Inlet characteristics of equal-chord opposed 
flaps, showing effects of flap angle. 

Figure 20.- Inlet characteristics of unequal-chord, over- 
lapping, opposed flaps, with large flap external, show- 
ing effects of flap angle. 

Figure 21.— Inlet characteristics of unequal-chord, over- 
lapping, oppo sed flaps, with small flap external, show- 
ing effects of flap angle. 

Figure 22.- Inlet characteristics of equal-chord, overlap- 
ping, opposed flaps, showing effects of flap angle. 

Figure 23.- Inlet characteristics of flush opening with 
circular duct, showing effects of duct angle and tunnel 
velocity. 

Figure 24.- Inlet characteristics of straight circular pipe 
projecting two diameters, showing effects of rake angle 
and tunnel velocity. 

Figure 25.— Inlet characteristics of straight circular pipe 
with 45° rake, showing effects of fairing and length of 
projection. 

Figure 26.— Inlet characteristics of circular pipe with el- 
bow projecting two diameters, showing effects of fair- 
ing and tunnel velocity. 

Figure 27.- Inlet characteristics of circular pipe with el- 
bow projecting one diameter, showing effects of fairing, 
elbow length, and tunnel velocity. 

Figure 28.— Inlet characteristics of external scoop with 
circular duct, showing effects of entrance shape , fair- 
ing, and duct angle. 

Figure 29.- Inlet characteristics of external scoop with 
circular duct, showing effects of fairing in front and 
rear. 

Figure 30.- Inlet characteristics of external scoop without 
duct, showing effects of length and area of mouth. 
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Figure 31.- Inlet characteristics of external scoop with- 
out duct, showing effects of tunnel velocity, scoop 
shape, and location over circular hole. Also screens 
over incuth and throat . 

figure 32.- Inlet characteristics of external scoop with- 
out diict , showing effects of guide vanes and scoop 
height . 

figure 33.- Inlet characteristics of recess opening and 

duct, showing effects of recess angle and entrance shape. 

Figure 34,- Inlet characteristics of recess opening and duct, 
showing effects of cover length, guide vanes, and faired 
entrance. 

Figure 35.- Inlet characteristics of recess opening and duct 
with projecting scoop, showing effects of recess angle 
and internal fairing. 

Figure 36.- Inlet characteristics of recess opening and duct 
with projecting scoop, showing effects of "oend treatment. 

Figure 37.- Inlet characteristics of external scoop with 
duct, showing effects of height of opening, throat ex- 
pansion, and guide vanes. 

Figure 38.- Outlet characteristics of circular holes in 

thin plate, showing effects of hole diameter and tunnel 
velocity. 

Figure 39.- Outlet characteristics of inch-chord inter- 
nal triple flaps, showing effects of flap angle. 

Figure 40.- Outlet characteristics of 1-^- inch- chord inter- 
nal flap, showing effects of flap angle. 

Figure 41.- Outlet characteristics of 2f -inch-chord inter- 
nal flap, showing effects of flap angle. 

Figure 42.- Outlet characteristics of \\- inch-chord exter- 
nal triple flaps, showing effects of flap angle and tun- 
nel velocity. 

Figure 43.- Outlet characteristics of l|~ inch- cho rd exter- 
nal flap, showing effects of flap angle and tunnel ve- 
locity. 

Figure 44.- Outlet characteristics of, 2f - in ch- chord exter- 
nal flap, showing effects of flap angle. 
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Figure 45.- Outlet characteristics of equal- clio rd , opposed 
flaps, showing effects of j3 when 7 is 10 . 

Figure 46.- Outlet characteristics of equal- chord ,. opposed 
flaps, showing effects of £ when 7 is 20 . 

Figure 47.- Outlet characteristics of equal-chord, opposed 
flaps with cover plate, showing effects of flap angle 
and cover-plate clearance. 

Figure 48.- Outlet characteristics of unequal-chord, over- 
lapping, opposed flaps, with large flap external, show- 
ing effects of flap angle and edge radius. 

Figr.re 49.- Outlet characteristics of unequal- chord , over- 
lapping, opposed flaps, with small flap external, show- 
ing effects of flap angle. 

Figure 50.- On.tlet characteristics of equal- chord, over- 
lapping, opposed flaps, showing effects of flap angle. 

Figure 51.- Outlet characteristics of flush opening with 
circular duct, showing effects of duct angle and tunnel 
velocity. 

Figure 52.- Outlet characteristics of straight circular 
pipe with zero rake projecting two diameters, showing- 
effects of fairing and tunnel velocity. 

Figure 53.- Outlet characteristics of straight circular 
pipe with 45° rake, showing effects of projection, 
fairing, and tunnel . velocity . 

Figure 54.- Outlet characteristics of circular pipe with 
elbow, showing effects of elbow length and projection. 

Figure 55.- Outlet characteristics of flush circular ducts 
with and without hood covers, showing effects of hood, 
duct angle, and mouth obstruction. 

Figure 56.- Outlet characteristics of external hood without 
duct, showing effects of shape, length, and area of 
mouth. 

Figure 57.- Outlet characteristics of external hood without 
duct, showing effects of guide vanes and hood height. 

Figure 58.- Outlet characteristics of recess opening with 
15° recess, showing effects of guide vanes and cover 
length. 
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Figure 59.- Outlet characteristics of recess opening, show- 
ing effects of hood length and projection, recess angle, 
and guide vanes. 

Figure 60.- Variation of orifice coefficients with orifice 
pre s sure . 

(a) Inlet*. from cross wind, 
(o) Outlet into cross wind. 

Figure 61.- Variation of orifice coefficients with ratio 
of orifice to cross-wind pressures. 

(a) Inlet from cross wind. 
(t>) Outlet into cross wind. 

Figure 62.- Inlet characteristics of 0.05c opposed flaps at 
0.175c location on Itf.A.C.A. 0018 wing, showing effects 
of flap angle. 

Figure 63.- Inlet characteristics of 0.05c opposed flaps at 
0.800c location on K.A. C.A. 0018 wing, showing effects 
of flap angle. 

Figure 64.- Inlet characteristics of faired openings at nose 
and 0.800c location on N.A.C.A. 0018 wing, showing ef- 
fects of location and opening shapes. 

Figure 65.- Outlet characteristics of 0.05c opposed flaps 
at 0.175c location on If.A.C.A. 0018 wing, showing ef- 
fects of flap angle. 

Figure 66.- Outlet characteristics of 0.05c opposed flaps 
and faired opening at 0.8G£)c location on H.A.C.A. 0018 
wing, showing effects of flap angle and opening shape. 

Figure 67.- Inlet characteristics from wing tests, flat- 
,. plate tests, and theory, redrawn for comparison. 

Figure 68.- Outlet characteristics from wing tests, flat- 
plate tests, and theory, redrawn for comparison. 

Figure 69.- Theoretical aerodynamic characteristics of in- 
let openings, showing the effect of inlet-velocity ratio, 
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Figure 70.- Theoretical aerodynamic characteristics of 
outlet openings, showing the effect of duct angle. 

Figure 71,- Duct flowmeter calibrations and duct pressure 
gradients, showing effect of obstructions. 

Figure 72,- Duct flowmeter calibration set-up. 
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Figure 14 
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Figure 60 
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Figure 61 
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Figure 63 
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